Introduction {#Sec1}
============

Numerous previous work based on fluorescence method has been performed in order to develop receptors for anions^[@CR1]--[@CR7]^. In the field of anion recognition, dihydrogen phosphate plays a very important role due to its responsibility for the eutrophication of natural water sources^[@CR8]^. Though many receptors of H~2~PO~4~ ^−^ have been reported^[@CR9],\ [@CR10]^, developing highly sensitive and selective receptors is still desired.

In the course of searching for suitable receptors, we are interested in cyclic N-heterocyclic carbene (NHC) metal complexes since they could be readily prepared and are stable toward heat, moisture and air^[@CR11]--[@CR19]^. In the reported receptors for anions, the main acting force between the receptor and the guest includes hydrogen bonds, anion-π, and coordinating interaction^[@CR20]--[@CR31]^. Whereas, the synergistic effect of cycle (namely, the result of the combined effects of several weak intermolecular interactions) might be the main acting force upon using cyclic complexes as receptors. As described in some reported relative examples^[@CR32]--[@CR34]^, the cyclic NHC metal complexes show great potential application in the host-guest chemistry. We herein report the synthesis of bis-azolium salts (*S*)-2,2′-bis\[2″-(*N*-R-azoliumyl)ethoxy\]-1,1′-binaphthyl hexafluorophosphate \[(***S***)**-L** ^**1**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ \~ \[(***S***)**-L** ^**3**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ (R = ethyl or benzyl, azoliumyl = benzimidazoliumyl or imidazoliumyl) and the preparation and structure of five NHC mercury(II) and silver(I) complexes, \[(*S*)-L^1^Hg(HgBr~4~)\] (**1**), \[(*S*)-L^2^Hg(HgBr~4~)\] (**2**), \[(*S*)-L^2^Hg(HgI~4~)\] (**3**), {\[(*S*)-L^2^Ag\](PF~6~)}~n~ (**4**) and \[(*S*)-L^3^Ag\](PF~6~) (**5**). In addition, selective recognition of dihydrogen phosphate using cyclic NHC-Ag(I) complex **5** as a receptor is investigated on the basis of fluorescence and UV/vis spectroscopic titrations.

Results and Discussion {#Sec2}
======================

Synthesis and characterizations of precursors \[(*S*)-L^1^H~2~\]·(PF~6~)~2~ \~ \[(*S*)-L^3^H~2~\]·(PF~6~)~2~ {#Sec3}
------------------------------------------------------------------------------------------------------------

As shown in Fig. [1](#Fig1){ref-type="fig"}, (S)-2,2′-dihydroxy-1,1′**-**binaphthyl as a starting material reacted with 2-chloroethanol to afford (*S*)-2,2′*-*di(2″-hydroxyethoxy)-1,1′-binaphthyl. Subsequent chlorination of hydroxyl groups with thionyl chloride generated (*S*)-2,2′*-*di(2″-chloroethoxy)-1,1′-binaphthyl. The reaction between (*S*)-2,2′*-*di(2″-chloroethoxy)-1,1′-binaphthyl and *N*-R-azole (R = ethyl or benzyl, azole = benzimidazole or imidazole) in toluene gave the bis-azolium salts \[(***S***)**-L** ^**1**^ **H** ~**2**~\]**·Cl** ~**2**~ \~ \[(***S***)**-L** ^**3**^ **H** ~**2**~\]**·Cl** ~**2**~. Synthesis of (*S*)-2,2′-bis\[2″-(*N*-R-azoliumyl)ethoxy\]-1,1′-binaphthyl hexafluorophosphate \[(***S***)**-L** ^**1**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ \~ \[(**S**)**-L** ^**3**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ was accomplished via anion exchange using ammonium hexafluorophosphate in methanol. Precursors of \[(***S***)**-L** ^**1**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ \~ \[(***S***)**-L** ^**3**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ are stable toward air and moisture, and soluble in organic solvents, such as CH~2~Cl~2~, CH~3~CN and DMSO, however, the solubility is poor in water, petroleum ether and diethyl ether. In the^1^H NMR spectra of \[(***S***)**-L** ^**1**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ \~ \[(***S***)**-L** ^**3**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~, the proton signals (NC*H*N) of benzimidazolium (or imidazolium) appear at *δ* = 8.51--9.17 ppm, which are consistent with the chemical shifts of reported benzimidazolium (or imidazolium) salts^[@CR35]--[@CR41]^.Figure 1Preparation of precursors **\[(** ***S*** **)-L** ^**1**^ **H** ~**2**~ **\]·(PF** ~**6**~ **)** ~**2**~ **-\[(** ***S*** **)-L** ^**3**^ **H** ~**2**~ **\]·(PF** ~**6**~ **)** ~**2**~.

Synthesis and characterization of complexes 1--5 {#Sec4}
------------------------------------------------

As shown in Fig. [2](#Fig2){ref-type="fig"}, the reaction of \[(***S***)**-L** ^**1**^ **H** ~**2**~\]·(**PF** ~**6**~)~**2**~ or \[(***S***)-**L** ^**2**^ **H** ~**2**~\]·(**PF** ~**6**~)~**2**~ with HgBr~2~ or HgI~2~ in CH~3~CN/ClCH~2~CH~2~Cl or CH~3~CN/DMSO in the presence of anhydrous K~2~CO~3~ afforded complexes \[(*S*)-L^1^Hg(HgBr~4~)\] (**1**), \[(*S*)-L^2^Hg(HgBr~4~)\] (**2**) and \[(*S*)-L^2^Hg(HgI~4~)\] (**3**), respectively. Complex {\[(*S*)-L^2^Ag\](PF~6~)}~n~ (**4**) was prepared via the reaction of \[(***S***)**-L** ^**2**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ with Ag~2~O in acetonitrile. Similarly, complex \[(*S*)-L^3^Ag\](PF~6~) (**5**) could be obtained via the reaction of \[(***S***)**-L** ^**3**^ **H** ~**2**~\]·(**PF** ~**6**~)~**2**~ with Ag~2~O in ClCH~2~CH~2~Cl/DMSO.Figure 2Preparation of complexes **1**--**5**.

The single crystals of complexes **1--5** suitable for X-ray diffraction were grown by slow diffusion of diethyl ether into their solutions. Complexes **1--5** demonstrate good stability to heat, air and moisture. They are soluble in CH~3~CN and DMSO, but almost insoluble in diethyl ether and hydrocarbon solvents. Complexes **4** and **5** are slightly light-sensitive in the solution, but inert in solid state. In^1^H NMR spectra of **1**--**5**, the resonances for the benzimidazolium (or imidazolium) protons (NC*H*N) disappear and the chemical shifts of other hydrogen atoms are similar to those of corresponding precursors. In^13^C NMR spectra, the signals for the carbene carbons of **1**--**3** are observed at *δ* = 174.3--175.0 ppm, which are similar to the known metal carbene complexes^[@CR42]--[@CR49]^. The signals for the carbene carbons in silver(I) complexes **4** and **5** are invisible. This phenomenon also has been reported for some silver(I)-carbene complexes, which may result from the fluxional behavior of the NHC silver(I) complexes^[@CR50]--[@CR55]^.

Structures of precursor \[(*S*)-L^2^H~2~\]·(PF~6~)~2~ and complexes 1--5 {#Sec5}
------------------------------------------------------------------------

In the crystal structure of \[(***S***)**-L** ^**2**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ and complexes **1**--**5** (Figs [3](#Fig3){ref-type="fig"}--[8](#Fig8){ref-type="fig"}), two naphthalene rings form the dihedral angles of 74.4(4)-82.5(6)°. The dihedral angles between two benzimidazole (or imidazole) rings vary from 31.1(1)° to 64.2(3)° (Table [S1](#MOESM1){ref-type="media"}). The internal ring angles (N-C-N) at the carbene centers in complexes **1**--**5** are between 104.5(3)° and 108.4(9)°. These values are similar to those of known NHC-metal complexes^[@CR42]--[@CR49]^. In \[(***S***)**-L** ^**2**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ and complexes **1**--**3**, the intra-molecular π-π interactions between naphthalene rings and benzimidazole (or imidazole) rings are observed^[@CR56],\ [@CR57]^ (Table [S2](#MOESM1){ref-type="media"}). In complexes **1**--**3**, one oxygen atom in each ligand participates in coordination with Hg(II) ion, and each of the molecules contains one 11-membered ring and one 6-membered ring. The distances of Hg-O are 3.061(7) Å for **1**, 2.837(5) Å for **2** and 2.861(5) Å for **3** respectively. These values are longer than normal distances of Hg-O (2.56--2.66 Å)^[@CR58]^, but shorter than the sum of the van der Waals Radii between Hg(II) ion and oxygen atom (van der Waals Radii of mercury and oxygen being 1.70 Å and 1.40 Å). The bond angles of C-Hg-C are in the range of 162.2(4)°-165.5(4)°. The Hg-C bond distances are from 2.066(7) Å to 2.093(1) Å. Both are similar to the known NHC-Hg(II) complexes^[@CR59]--[@CR63]^. The long Hg(1)···Hg(2) separations in **1**--**3** (4.032(9) Å for **1**, 4.003(5) Å for **2** and 4.233(6) Å for **3**) suggest the nonexistence of metal-metal interactions.Figure 3Perspective view of \[(***S***)**-L** ^**2**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~. All hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): C(5)-N(1) 1.321(6), C(5)-N(2) 1.302(6); N(1)-C(5)-N(2) 108.7(4), N(3)-C(32)-N(4) 108.8(4).

In complex **1** or **2** (Figs [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}), Hg(1) is penta-coordinated with two carbene carbon atoms, two bromine atoms and one oxygen atom to adopt a trigonal bipyramidal geometry. And Hg(2) is tetra-coordinated with four bromine atoms (two bridging bromine Br(1) and Br(2) and two terminal bromine Br(3) and Br(4)) to adopt a tetrahedral geometry. A distorted Hg~2~Br~2~ quadrangular geometry in **1** or **2** is formed by Hg(1), Br(1), Hg(2) and Br(2), in which the dihedral angles between Br(1)-Hg(1)-Br(2) plane and Br(1)-Hg(2)-Br(2) plane are 13.6(4)° for **1** and 36.4(2)° for **2**. The bond angles of Br-Hg(2)-Br are 95.7(4)-116.1(5)° for **1** and 97.4(3)-119.3(4)° for **2**. The bond angle of Br(2)-Hg(1)-O(1) for **1** is 166.1(1)° and 177.4(1)° for **2**. The distances of Hg(2) and terminal bromine for either **1** or **2** are between 2.533(1) Å and 2.587(1) Å, which are in the normal range of Hg-Br bond^[@CR64]--[@CR66]^. Notably, compared with the distances between the terminal bromine and mercury, the bridging bromine atoms have relatively longer bond distances of 2.638(1) Å-3.257(1) Å with mercury.Figure 4Perspective view of **1**. All hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): Hg(1)-Br(1) 3.037(1), Hg(1)-Br(2) 2.988(1), Hg(1)-C(9) 2.093(1), Hg(1)-C(40) 2.091(1), Hg(2)-Br(1) 2.662(1), Hg(2)-Br(2) 2.642(1), Hg(2)-Br(3) 2.562(1), Hg(2)-Br(4) 2.533(1); N(1)-C(9)-N(2) 108.4(9), N(3)-C(40)-N(4) 106.4(9), C(9)-Hg(1)-C(40) 162.2(4), C(40)-Hg(1)-Br(1) 105.8(3), Br(1)-Hg(2)-Br(2) 95.7(4). Figure 5Perspective view of **2**. All hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): Hg(1)-C(3) 2.071(9), Hg(1)-C(30) 2.069(8), Hg(1)-Br(1) 3.073(1), Hg(2)-Br(1) 2.682(1), Hg(2)-Br(2) 2.638(1), Hg(2)-Br(3) 2.587(1), Hg(2)-Br(4) 2.568(1); N(3)-C(30)-N(4) 106.6(8), N(1)-C(3)-N(2) 105.9(8), C(3)-Hg(1)-C(30) 165.5(4), Br(1)-Hg(2)-Br(2) 97.4(3).

Other than complexes **1** and **2**, Hg(1) in **3** is tetra-coordinated with two carbene carbon atoms, one oxygen atom and one iodine atom (Fig. [6](#Fig6){ref-type="fig"}). Hg(2) is tetra-coordinated with four iodine atoms. Both Hg(1) and Hg(2) are connected together via the bridging iodine atom (I(1)). The bond angles of I-Hg(2)-I are from 98.6(2)° to 117.1(2)°, and Hg(2)-I~terminal~ distances are from 2.732(7) Å to 2.855(6) Å. These values fall in the normal range^[@CR58]^. The distance of Hg(1)-I(1) (3.204(6) Å) is longer than aforementioned normal values.Figure 6Perspective view of **3**. All hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): Hg(1)-I(1) 3.204(6), Hg(1)-C(30) 2.068(7), Hg(1)-C(3) 2.066(7), Hg(2)-I(1) 2.855(6), Hg(2)-I(2) 2.788(7), Hg(2)-I(3) 2.732(7), Hg(2)-I(4) 2.743(7); N(1)-C(3)-N(2) 105.9(6), N(3)-C(30)-N(4) 106.9(6), C(3)-Hg(1)-C(30) 164.6(3), C(30)-Hg(1)-I(1) 91.1(1), I(1)-Hg(2)-I(2) 98.6(2).

Crystal structure analysis of **4** reveals the formation of 1D helical polymeric chain via NHC ligand (***S***)**-L** ^**2**^ and silver(I) ion (Fig. [7(a)](#Fig7){ref-type="fig"}), in which Ag-π interactions are observed (π system being from naphthalene ring, and the separation of Ag-π being 3.591(1) Å)^[@CR67],\ [@CR68]^. There exists a cavity of about 3.35 Å × 3.60 Å in the center of the chain by viewing from *b* axis (Fig. [7(b)](#Fig7){ref-type="fig"}). The distance between adjacent two silver(I) ions in the chain is 8.177(4) Å. The coordination geometry of each silver(I) ion is approximately linear with 175.0(2)° angle of C(3)-Ag(1)-C(30) and 2.081(6) Å-2.084(6) Å bond distance of Ag-C (Fig. [7(c)](#Fig7){ref-type="fig"}). Similar observations were also reported for known NHC silver(I) complexes^[@CR69]^.Figure 7(**a**) 1D polymeric chains of complex **4**; (**b**) The view of *b* axis; (**c**) Perspective view of the monomer. All hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): C(3)-Ag(1) 2.084(6), C(30)-Ag(2) 2.081(6); N(3)-C(30)-N(4) 104.6(5), N(1)-C(3)-N(2) 104.5(5), C(3)-Ag(1)-C(30) 175.0(2).

In complex **5** (Fig. [8](#Fig8){ref-type="fig"}), one 15-membered macrometallocycle is formed by one ligand (***S***)**-L** ^**3**^ and one silver(I) ion, in which silver(I) ion is di-coordinated with two carbene carbon atoms to adopt an approximately linear geometry. The bond angle of C(8)-Ag(1)-C(37) is 173.4(1)°. The two Ag-C bond distances are 2.086(4) Å and 2.090(4) Å respectively. Ag···O separation of 3.2 Å is longer than the sum of the van der Waals Radii between Ag(I) ion and oxygen atom (3.1 Å) which indicates the absence of Ag···O interactions.Figure 8Perspective view of **5**. All hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): Ag(1)-C(8) 2.086(4), Ag(1)-C(37) 2.090(4); C(8)-Ag(1)-C(37) 173.4(1), N(2)-C(8)-N(1) 104.5(4), N(3)-C(37)-N(4) 104.5(3). All hydrogen atoms were omitted for clarity.

Powder X-ray diffraction {#Sec6}
------------------------

In order to establish their crystalline phase purity, powder X-ray diffraction (PXRD) experiments were carried out on complexes **1--5**. As shown in the PXRD patterns (Figure [S1](#MOESM1){ref-type="media"}--[S5](#MOESM1){ref-type="media"}), the excellent agreement between the experimental PXRD patterns of the bulk samples **1--5** and the patterns simulated from the single-crystal data proved the crystalline phase purity of the corresponding **1--5**.

Thermogravimetric analysis of complexes 1--5 {#Sec7}
--------------------------------------------

To examine the thermal stability of complexes **1**--**5**, the thermogravimetric analyses for crystal samples of **1**--**5** were performed under a simulated air atmosphere with a heating rate of 20 °C min^−1^ from ambient temperature up to 600 °C. As demonstrated in Figures [S6](#MOESM1){ref-type="media"} and [S7](#MOESM1){ref-type="media"}, the TG curves of **1** and **2** revealed that complex **1** started to decompose from ambient temperature to 172.4 °C and complex **2** started to decompose from ambient temperature to 243.5 °C. The curves represented the losses of approximately 0.5 equiv. of solvent molecule (ClCH~2~CH~2~Cl) for complex **1** (calcd: 3.53%, found: 3.50%) and 1.5 equiv. of solvent molecules (DMSO) for complex **2** (calcd: 8.57%, found: 8.56%). 49.29% weight loss from 172.4 °C to 434.3 °C for complex **1** and 55.35% weight loss from 243.5 °C to 405.6 °C for complex **2** were experienced, which resulted from the thermal decomposition of the organic components and did not stop until the heating ended at 600 °C. From the TG curve of **3** (Figure [S8](#MOESM1){ref-type="media"}), it has been found that this compound decomposed from ambient temperature to 211.4 °C, which represented the loss of approximately 1 equiv. of solvent molecule (DMSO) (calcd: 5.13%, found: 5.12%). Further decomposition from 211.4 °C to 281.5 °C represented the loss 2 equiv. of iodide atoms (calcd: 16.73%, found: 16.78%). Complex **3** experienced weight loss of 45.61% from 281.5 °C to 402.4 °C due to the thermal decomposition of the organic components. It did not stop until heating ended at 600 °C. The TG curve depicted in Figure [S9](#MOESM1){ref-type="media"} indicated that complex **4** had a high thermal stability which remained unchanged up to 241.6 °C. Almost one-step weight loss of 56.05% was detected from 241.6 °C to 395.6 °C, which was attributed to the thermal decomposition of the organic components and did not stop until heating ends at 600 °C. As shown in Figure [S10](#MOESM1){ref-type="media"}, compound **5** started to decompose from ambient temperature to 127.3 °C, which represented the loss of approximately 0.5 equiv. of solvent molecule (DMSO) (calcd: 4.12%, found: 4.20%). With temperature increasing to 165.1 °C from 127.3 °C, weight loss of 11.40% represented the loss of 1 equiv. of silver ion (calcd: 11.39%). This compound experienced weight loss of 25.29% from 165.1 °C to 436.4 °C, which was attributed to the thermal decomposition of the organic components and did not stop until heating ended at 600 °C.

IR spectral analysis of \[(*S*)-L^1^H~2~\]·(PF~6~)~2~ \~ \[(*S*)-L^3^H~2~\]·(PF~6~)~2~ and complexes 1--5 {#Sec8}
---------------------------------------------------------------------------------------------------------

In the infrared spectra of precursors \[(***S***)**-L** ^**1**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ \~ \[(***S***)**-L** ^**3**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ and complexes **1**--**5** (Figures [S11](#MOESM1){ref-type="media"}--[S15](#MOESM1){ref-type="media"}), the absorption bands around 3000 cm^−1^ can be assigned to *ν*(C-H) modes. The absorption bands in the region of 1598--1590 cm^−1^ may result from *ν*(C = N) of benzimidazole or imidazole rings. The absorption bands in the regions of 1271--1218 cm^−1^ and 1087--1054 cm^−1^ may be ascribed to the *ν*( = C-O-C) moiety. In \[(***S***)**-L** ^**1**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ \~ \[(***S***)**-L** ^**3**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~, complexes **4** and **5** containing hexafluorophosphate anion, the absorption bands at about 840 cm^−1^ and 550 cm^−1^ originate from P-F stretching vibration and P-F flexural vibration, respectively. These values are consistent with reported results in literatures^[@CR70]^. By contrast, no obvious absorption bands at about 840 cm^−1^ and 550 cm^−1^ are observed for complexes **1**--**3** due to the absence of hexafluorophosphate anion.

Recognition of H~2~PO~4~^−^ using complex 5 as a receptor {#Sec9}
---------------------------------------------------------

The screening experiment of some anions (F^−^, Cl^−^, Br^−^, I^−^, H~2~PO~4~ ^−^, HSO~4~ ^−^, OAc^−^ and NO~3~ ^−^, use of their TBA^+^ salts) using complexes **1**--**5** as hosts were carried out via fluorescence spectroscopy in acetonitrile at 25 °C. The addition of anions to the solutions of **1**--**4** did not lead to obvious fluorescence intensities change. Upon the addition of H~2~PO~4~ ^−^ to the solution of **5**, the fluorescence intensity of **5** remarkably decreased while other anions did not exhibit evident influence on the fluorescence intensity of **5**. Therefore, complex **5** was selected for the anions recognition performance investigation.

As illustrated in Fig. [9](#Fig9){ref-type="fig"}, the receptor **5** (1 × 10^−5^ mol/L) exhibited a strong emission peak at 360 nm, which was attributed to the emission of binaphthyl (λ~ex~ = 280 nm, the excitation and emission slits: 3 nm and 1.5 nm). Upon the addition of 20 equiv. of F^−^, Cl^−^, Br^−^, I^−^, HSO~4~ ^−^, OAc^−^ or NO~3~ ^−^, the fluorescence emission of **5** had a slight decrease. However, the addition of same amount of H~2~PO~4~ ^−^ caused a remarkable decrease of the fluorescence emission of **5**. This phenomenon might be attributed to the switch-on of the photo-induced electron transfer (PET) process from the imidazole ring to the binaphthyl in the presence of H~2~PO~4~ ^−^  ^[@CR20],\ [@CR71]--[@CR73]^. In UV/vis experiment (Figure [S16](#MOESM1){ref-type="media"}), the receptor **5** (1 × 10^−5^ mol/L) exhibited an absorption peak at around 220--245 nm in acetonitrile at 25 °C which originated from the *E* ~1~ absorption band of binaphthyl. With the addition of H~2~PO~4~ ^−^, the absorption peak of **5** at 220--245 nm decreased obviously. It can be concluded that **5** had the ability to selectively discriminate H~2~PO~4~ ^−^ from other anions. Figure [10](#Fig10){ref-type="fig"} demonstrated the fluorescence spectra of **5** (1 × 10^−5^ mol/L) in the presence of different amounts of H~2~PO~4~ ^−^, in which the fluorescence intensities at 360 nm decreased gradually with the increasing concentration of H~2~PO~4~ ^−^. In the inset of Fig. [10](#Fig10){ref-type="fig"}, when the ratio of C~H2PO4~ ^−^/C~**5**~ was no more than 8:1, the fluorescence intensity remarkably decreased with the enhancement of H~2~PO~4~ ^−^ concentration. Changed the ratio from 8:1 to 24:1, the decreasing tendency of the fluorescence intensity slowed down. When the ratio exceeded 40:1, higher C~H2PO4~ ^−^ did not lead to further decrease of emission. The stability constant *Ks* for **5**·H~2~PO~4~ ^−^ was calculated as 1.03 × 10^5^ M^−1^ (R = 0.991) by using the nonlinear least-square analysis^[@CR74],\ [@CR75]^:$$\documentclass[12pt]{minimal}
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In UV/vis titration experiment (Figure [11](#Fig11){ref-type="fig"}), the UV/vis absorption spectra of **5** dropped gradually with the increase of the molar fraction of H~2~PO~4~ ^−^. It was notable that a 1:1 complexation stoichiometry for **5**·H~2~PO~4~ ^−^ was established by Job's plot analysis at 280 nm (inset of Fig. [11](#Fig11){ref-type="fig"}) ^[@CR77],\ [@CR78]^, where the products (*χ*Δ*A*) between molar fractions and the discrepancy of the absorption bands were plotted against molar fractions (*χ*) of **5** under the conditions of a constant total concentration. When the molar fraction of **5** was 0.5, the *χ*Δ*A* value for **5**·H~2~PO~4~ ^−^ reached maximum^[@CR79]^.Figure 11UV/vis absorption spectra of **5** (6.0 × 10^−5^ mol/L) in CH~3~CN at 25 °C. The concentrations of H~2~PO~4~ ^−^ for curves 1--11 (from bottom to top) are: 0, 0.6, 1.2, 1.8, 2.4, 3.0, 3.6, 4.2, 4.8, 5.4, 6.0 × 10^−5^ mol/L. Inset: The Job's plot for **5**·H~2~PO~4~ ^−^ complex in CH~3~CN at 280 nm.

According to the size of the cavity (8.4 Å × 6.7 Å) and structural characteristics of **5**, the size of H~2~PO~4~ ^−^ (radius of H~2~PO~4~ ^−^ being *ca*. 2.9 Å) is able to match well with that of **5**. Possible binding sites in **5** contain oxygen atoms and silver(I) ion. The acting force between H~2~PO~4~ ^−^ and **5** might be the result of combined effects of several weak intermolecular interactions, such as O-H···O hydrogen bonds and Ag···O interactions. But no significant changes of proton signals were observed in terms of the^1^H NMR spectra of **5** and **5**·H~2~PO~4~ ^−^.

To further explore the utility of **5** as a selective fluorescence receptor for H~2~PO~4~ ^−^, the competition experiments were conducted, where **5** (1 × 10^−5^ mol/L) was firstly mixed with 10 equiv. of various anions (F^−^, Cl^−^, Br^−^, I^−^, HSO~4~ ^−^, OAc^−^ and NO~3~ ^−^), and then 10 equiv. of H~2~PO~4~ ^−^ was added. As displayed in Figure [S18](#MOESM1){ref-type="media"}, no obvious interference was observed in the presence of 10 equiv. of various anions. In high resolution mass spectrometry (HRMS) analysis of **5**·H~2~PO~4~ ^−^ (Figure [S19](#MOESM1){ref-type="media"}), m/z (859.2) was observed which provided additional evidence for the formation of a 1:1 complex between **5** and H~2~PO~4~ ^−^. This result was consistent with the findings of the Job's plot analysis (inset of Fig. [11](#Fig11){ref-type="fig"}).

Conclusion {#Sec10}
==========

In summary, three bis-azolium salts \[(***S***)**-L** ^**1**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ \~ \[(***S***)**-L** ^**3**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ and their five NHC Hg(II) and Ag(I) complexes **1**--**5** have been prepared and characterized. In complexes **1**--**3**, each molecule contains one 11-membered ring and one 6-membered ring. 1D helical polymeric chain of **4** is formed via ligand **(** ***S***)**-L** ^**2**^ and silver(I) ion. One 15-membered macrometallocycle of **5** is formed by one ligand (***S***)**-L** ^**3**^ and one silver(I) ion. Interestingly, the macrometallocycle **5** is found to be high selectivity and sensitivity for H~2~PO~4~ ^−^ detection. This indicates that **5** can distinguish H~2~PO~4~ ^−^ from other anions by using the methods of fluorescence and UV/vis spectroscopy. Even if the detection limit is below 4.9 × 10^−8^ mol/L, the receptor **5** for H~2~PO~4~ ^−^ detection is still sensitive. This character of complex **5** makes it possible to be applied in environmental science and life science. Further studies of new organometallic complexes from precursor \[(***S***)**-L** ^**1**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ \~ \[(***S***)**-L** ^**3**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ as well as analogous ligands are underway.

Experimental {#Sec11}
============

General procedures {#Sec12}
------------------

All the reagents for synthesis and analyses were of analytical grade and used without further purification. Melting points were determined on an Digital Vision MP Instrument.^1^H and^13^C NMR spectra were recorded at 400 MHz and 100 MHz, respectively. Chemical shifts, *δ*, were reported in ppm relative to the internal standard TMS for both^1^H and^13^C NMR. *J* values were given in Hz. The elemental analyses of all compounds were obtained from the powder compounds recrystallised. The fluorescence spectra were performed using a Cary Eclipse fluorescence spectrophotometer. UV-vis spectra were recorded on a JASCO-V570 spectrometer. EI mass spectra were recorded on a VG ZAB-HS mass spectrometer (VG, U.K.). The powder X-ray diffractometry (PXRD) study was performed on a PANalytical X-Pert Pro diffractometer with Cu-Kα radiation. The thermogravimetric analysis (TGA) was performed with a NETZSCH STA 449 C instrument. IR spectra (KBr) were taken on an Bruker Equinox 55 spectrometer.

Preparation of (*S*)-2,2′*-*di(2″-hydroxyethoxy)-1,1′-binaphthyl {#Sec13}
----------------------------------------------------------------

A suspension of (*S*)-2,2′*-*dihydroxy-1,1′**-**binaphthyl (5.000 g, 17.4 mmol) and potassium carbonate (9.646 g, 69.9 mmol) in DMF (100 mL) was stirred for 1 h at 50 °C. Then 2-chloroethanol (5.628 g, 69.9 mmol) was added dropwise and stirring was continued for 24 h under refluxing. The solvent was removed under vacuum and then 500 mL water was added. The solution was extracted with CH~2~Cl~2~ (3 × 30 mL) and the organic phase was dried over anhydrous MgSO~4~. After removing CH~2~Cl~2~, a pale yellow oil was obtained, which was recrystallized with MeOH to give (*S*)-2,2′*-*di(2″-hydroxyethoxy)-1,1′-binaphthyl as a white powder. Yield: 6.008 g (92%). M.p.: 112--114 °C. Anal. Calcd for C~24~H~22~O~4~: C, 76.98; H, 5.92%. Found: C, 76.63; H, 5.88%.^1^H NMR (400 MHz, CDCl~3~): *δ* 8.02 (d, *J* = 8.8 Hz, 2 H, Ar*H*), 7.93 (d, *J* = 8.0 Hz, 2 H, Ar*H*), 7.48 (d, *J* = 9.2 Hz, 2 H, Ar*H*), 7.41 (t, *J* = 7.4 Hz, 2 H, Ar*H*), 7.30 (t, *J* = 7.4 Hz, 2 H, Ar*H*), 7.17 (d, *J* = 8.4 Hz, 2 H, Ar*H*), 4.28 (m, 2 H, C*H* ~2~), 4.08 (m, 2 H, C*H* ~2~), 3.66 (m, 4 H, C*H* ~2~), 2.31 (s, 2 H, O*H*).^13^C NMR (100 MHz, CDCl~3~): *δ* 153.5 (Ar*C*), 133.8 (Ar*C*), 129.8 (Ar*C*), 129.6 (Ar*C*), 128.1 (Ar*C*), 126.7 (Ar*C*), 125.2 (Ar*C*), 124.2 (Ar*C*), 120.3 (Ar*C*), 115.9 (Ar*C*), 71.7 (O*C*H~2~CH~2~), 61.2 (OCH~2~ *C*H~2~).

Preparation of (*S*)-2,2′*-*di(2″-chloroethoxy)-1,1′-binaphthyl {#Sec14}
---------------------------------------------------------------

To a chloroform (100 mL) solution of (*S*)-2,2′*-*di(2″-hydroxyethoxy)-1,1′-binaphthyl (5.000 g, 13.4 mmol) and pyridine (5.288 g, 66.8 mmol), thionyl chloride (7.947 g, 66.8 mmol) was added dropwise at room temperature within 1 h. Then the solution was stirred for 24 h at 70 °C. The mixture was cooled and washed with water (3 × 100 mL). The organic layer was dried over anhydrous MgSO~4~. After removing chloroform, (*S*)-2,2′*-*di(2″-chloroethoxy)-1,1′-binaphthyl was obtained as a pale yellow powder. Yield: 3.571 g (65%). M.p.: 101--103 °C. Anal. Calcd for C~24~H~20~O~2~Cl~2~: C, 70.08; H, 4.90%. Found: C, 70.37; H, 5.10%.^1^H NMR (400 MHz, CDCl~3~): *δ* 7.97 (d, *J* = 8.8 Hz, 2 H, Ar*H*), 7.88 (d, *J* = 8.4 Hz, 2 H, Ar*H*), 7.43 (d, *J* = 8.8 Hz, 2 H, Ar*H*), 7.37 (m, 2 H, Ar*H*), 7.23 (d, *J* = 1.2 Hz, 2 H, Ar*H*), 7.13 (d, *J* = 8.4 Hz, 2 H, Ar*H*), 4.22 (m, 4 H, C*H* ~2~), 3.40 (t, *J* = 6.2 Hz, 4 H, C*H* ~2~).^13^C NMR (100 MHz, CDCl~3~): *δ* 153.6 (Ar*C*), 134.0 (Ar*C*), 129.6 (Ar*C*), 127.9 (Ar*C*), 126.5 (Ar*C*), 125.4 (Ar*C*), 124.1 (Ar*C*), 121.0 (Ar*C*), 116.3 (Ar*C*), 70.1 (O*C*H~2~CH~2~), 41.7 (OCH~2~ *C*H~2~).

Preparation of \[(*S*)-L^1^H~2~\]·(PF~6~)~2~ {#Sec15}
--------------------------------------------

A solution of *N*-ethyl-benzimidazole (0.894 g, 6.1 mmol) and (*S*)-2,2′*-*di(2″-chloroethoxy)-1,1′-binaphthyl (1.000 g, 2.4 mmol) in toluene (35 mL)was stirred for 7 days under refluxing and a brown oil of (*S*)-2,2′-bis\[2″-(*N*-ethyl-benzimidazoliumyl)ethoxy\]-1,1′-binaphthyl chloride was formed. Then NH~4~PF~6~ (0.938 g, 5.7 mmol) was added to a methanol solution (100 mL) of (*S*)-2,2′-bis\[2″-(*N*-ethyl-benzimidazolimyl)ethoxy\]-1,1′-binaphthyl chloride (2.016 g, 2.4 mmol) with stirring for 3 days. A white precipitate was formed that was collected by filtration and washed with a small portion of methanol to give \[(***S***)**-L** ^**1**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~. Yield: 1.906 g (85%). M.p.: 132--134 °C. Anal. Calcd for C~42~H~40~F~12~N~4~O~2~P~2~: C, 54.67; H, 4.37; N, 6.07%. Found: C, 54.42; H, 4.53; N, 6.34%.^1^H NMR (400 MHz, DMSO*-d* ~6~): *δ* 9.17 (s, 2 H, 2-bimi*H*), 7.93 (m, 6 H, Ar*H*), 7.58 (t, *J* = 7.6 Hz, 2 H, Ar*H*), 7.36 (t, *J* = 4.6 Hz, 4 H, Ar*H*), 7.29 (m, 4 H, Ar*H*), 6.96 (t, *J* = 7.4 Hz, 2 H, Ar*H*), 6.52 (d, *J* = 8.4 Hz, 2 H, Ar*H*), 4.53 (s, 3 H, C*H* ~2~), 4.36 (m, 3 H, C*H* ~2~), 4.21 (t, *J* = 7.0 Hz, 3 H, C*H* ~2~), 4.16 (t, *J* = 5.4 Hz, 3 H, C*H* ~2~), 1.34 (t, *J* = 7.2 Hz, 6 H, C*H* ~3~).^13^C NMR (100 MHz, DMSO*-d* ~6~): *δ* 153.0 (Ar*C*), 141.6 (Ar*C*), 132.8 (Ar*C*), 131.2 (Ar*C*), 130.7 (Ar*C*), 129.9 (Ar*C*), 129.2 (Ar*C*), 128.4 (Ar*C*), 126.7 (Ar*C*), 126.6 (Ar*C*), 124.4 (Ar*C*), 119.5 (Ar*C*), 116.0 (Ar*C*), 113.8 (Ar*C*), 113.5 (Ar*C*), 67.5 (O*C*H~2~CH~2~), 49.0 (OCH~2~ *C*H~2~), 42.4 (*C*H~2~CH~3~), 14.2 (*C*H~3~) (bimi = benzimidazole). IR (KBr, cm^−1^): 3150w, 1591w, 1356w, 1159 s, 1074 s, 950 m, 840 s, 550 m.

Preparation of \[(*S*)-L^2^H~2~\]·(PF~6~)~2~ {#Sec16}
--------------------------------------------

This compound was prepared in an analogous manner to that of \[(***S***)**-L** ^**1**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~, only *N*-ethyl-imidazole (0.584 g, 6.1 mmol) was used instead of *N*-ethyl-benzimidazole. Yield: 1.781 g (89%). M.p.: 124--126 °C. Anal. Calcd for C~34~H~36~F~12~N~4~O~2~P~2~: C, 49.64; H, 4.41; N, 6.81%. Found: C, 49.83; H, 4.54; N, 6.63%.^1^H NMR (400 MHz, DMSO*-d* ~6~): *δ* 8.51 (s, 2 H, 2-imi*H*), 8.14 (d, *J* = 9.2, 2 H, Ar*H*), 8.02 (d, *J* = 8.0 Hz, 2 H, Ar*H*), 7.62 (d, *J* = 8.8 Hz, 2 H, Ar*H*), 7.40 (t, *J* = 7.4 Hz, 2 H, Ar*H*), 7.26 (s, 2 H, Ar*H*), 7.22 (t, *J* = 7.6 Hz, 2 H, Ar*H*), 6.78 (d, *J* = 7.2 Hz, 4 H, Ar*H*), 4.40 (q, *J* = 4.5 Hz, 4 H, C*H* ~2~), 4.33 (q, *J* = 7.6 Hz, 4 H, C*H* ~2~), 3.93 (q, *J* = 7.2 Hz, 4 H, C*H* ~2~), 1.27 (t, *J* = 7.2 Hz, 6 H, C*H* ~3~).^13^C NMR (100 MHz, DMSO*-d* ~6~): *δ* 152.6 (Ar*C*), 135.1 (Ar*C*), 132.9 (Ar*C*), 129.6 (Ar*C*), 128.9 (Ar*C*), 128.0 (Ar*C*), 126.6 (Ar*C*), 124.2 (Ar*C*), 123.9 (Ar*C*), 121.7 (O*C*H~2~), 121.2 (Ph*C*), 118.7 (Ph*C*), 115.1 (Ph*C*), 68.6 (O*C*H~2~CH~2~), 48.3 (OCH~2~ *C*H~2~), 44.0 (*C*H~2~CH~3~), 14.8 (*C*H~3~) (imi = imidazole). IR (KBr, cm^−1^): 3162 m, 1591w, 1244w, 1087 m, 983w, 840 s, 551 m.

Preparation of \[(*S*)-L^3^H~2~\]·(PF~6~)~2~ {#Sec17}
--------------------------------------------

This compound was prepared in an analogous manner to that of \[(***S***)**-L** ^**1**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~, only *N*-benzyl-imidazole (0.964 g, 6.1 mmol) was used instead of *N*-ethyl-benzimidazole. Yield: 1.954 g (86%). M.p.: 148--150 °C. Anal. Calcd for C~44~H~40~O~2~N~4~P~2~F~12~: C, 55.82; H, 4.26; N, 5.92%. Found: C, 55.63; H, 4.42; N, 5.77%. ^1^H NMR (400 MHz, DMSO*-d* ~6~): *δ* 8.74 (s, 2 H, 2-imi*H*), 8.15 (d, *J* = 8.0 Hz, 2 H, Ar*H*), 8.03 (d, *J* = 2.0 Hz, 2 H, Ar*H*), 7.59 (d, *J* = 8.8 Hz, 2 H, Ar*H*), 7.42 (m, 8 H, Ar*H*), 7.30 (q, *J* = 5.1 Hz, 6 H, Ar*H*), 7.19 (t, *J* = 7.4 Hz, 2 H, Ar*H*), 6.79 (d, *J* = 8.0 Hz, 2 H, Ar*H*), 6.70 (s, 2 H, Ar*H*), 5.15 (s, 4 H, C*H* ~2~), 4.37 (m, 8 H, C*H* ~2~).^13^C NMR (100 MHz, DMSO*-d* ~6~): *δ* 153.2 (Ar*C*), 136.2 (Ar*C*), 134.9 (Ar*C*), 133.4 (Ar*C*), 130.1 (Ar*C*), 129.4 (Ar*C*), 129.2 (Ar*C*), 128.6 (Ar*C*), 128.5 (Ar*C*), 127.1 (Ar*C*), 124.7 (Ar*C*), 124.5 (Ar*C*), 122.6 (Ar*C*), 122.1 (Ar*C*), 119.3 (Ar*C*), 115.6 (Ar*C*), 67.2 (O*C*H~2~CH~2~), 52.3 (*C*H~2~), 49.0 (OCH~2~ *C*H~2~). IR (KBr, cm^−1^): 3136w, 1590w, 1271w, 1159w, 1068w, 841 s, 551 m.

Preparation of \[(*S*)-L^1^Hg(HgBr~4~)\] (1) {#Sec18}
--------------------------------------------

A suspension of K~2~CO~3~ (0.179 g, 1.3 mmol), \[(***S***)**-L** ^**1**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ (0.184 g, 0.2 mmol) and HgBr~2~ (0.180 g, 0.5 mmol) in CH~3~CN/ClCH~2~CH~2~Cl (30 mL, v-v = 2:1) was stirred for 24 h at 55 °C. The resulting solution was filtered and the filtrate was concentrated to 10 mL and then Et~2~O (5 mL) was added to precipitate **1** as a pale yellow powder. Yield: 0.094 g (35%). M.p.: 162--164 °C. Anal. Calcd for C~42~H~38~Br~4~Hg~2~N~4~O~2~: C, 37.32; H, 2.83; N, 4.14%. Found: C, 37.51; H, 2.64; N, 4.33%.^1^H NMR (400 MHz, DMSO*-d* ~6~): *δ* 8.06 (d, *J* = 9.2 Hz, 2 H, Ar*H*), 7.88 (d, *J* = 8.4 Hz, 2 H, Ar*H*), 7.83 (q, *J* = 8.8 Hz, 4 H, Ar*H*), 7.70 (d, *J* = 8.0 Hz, 2 H, Ar*H*), 7.58 (m, 4 H, Ar*H*), 6.89 (t, *J* = 7.2 Hz, 2 H, Ar*H*), 6.82 (t, *J* = 7.6 Hz, 2 H, Ar*H*), 6.53 (d, *J* = 8.4 Hz, 2 H, Ar*H*), 5.31 (q, *J* = 8.9 Hz, 2 H, C*H* ~2~), 4.94 (m, 6 H, C*H* ~2~), 4.72 (m, 2 H, C*H* ~2~), 4.05 (q, *J* = 7.8 Hz, 2 H, C*H* ~2~), 1.45 (t, *J* = 7.0 Hz, 6 H, C*H* ~3~).^13^C NMR (100 MHz, DMSO*-d* ~6~): *δ* 174.3 (2-bimi*C*), 152.3 (Ar*C*), 132.6 (Ar*C*), 132.4 (Ar*C*), 132.3 (Ar*C*), 130.3 (Ar*C*), 128.0 (Ar*C*), 126.6 (Ar*C*), 125.9 (Ar*C*), 125.8 (Ar*C*), 124.3 (Ar*C*), 123.9 (Ar*C*), 120.0 (Ar*C*), 115.8 (Ar*C*), 113.5 (Ar*C*), 113.1 (Ar*C*), 66.6 (O*C*H~2~CH~2~), 47.7 (OCH~2~ *C*H~2~), 43.9 (*C*H~2~CH~3~), 16.0 (*C*H~3~). IR (KBr, cm^−1^): 3137 m, 1598w, 1126 m, 1061 s, 951 m, 858 m, 532 m.

Preparation of \[(*S*)-L^2^Hg(HgBr~4~)\] (2) {#Sec19}
--------------------------------------------

This complex was prepared in an analogous manner to that of **1**, only \[(***S***)**-L** ^**2**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ (0.164 g, 0.2 mmol) and CH~3~CN/DMSO (30 mL, v-v = 2:1) were used instead of \[(***S***)**-L** ^**1**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ and CH~3~CN/ClCH~2~CH~2~Cl. Yield: 0.107 g (43%). M.p.: 156--158 °C. Anal. Calcd for C~34~H~34~Br~4~Hg~2~N~4~O~2~: C, 32.63; H, 2.74; N, 4.48%. Found: C, 32.75; H, 2.53; N, 4.63%.^1^H NMR (400 MHz, DMSO*-d* ~6~): *δ* 8.11 (d, *J* = 9.2 Hz, 2 H, Ar*H*), 7.94 (d, *J* = 8.0 Hz, 2 H, Ar*H*), 7.69 (d, *J* = 9.2 Hz, 2 H, Ar*H*), 7.42 (q, *J* = 4.8 Hz, 4 H, Ar*H*), 7.32 (t, *J* = 7.4 Hz, 2 H, Ar*H*), 7.17 (t, *J* = 7.6 Hz, 2 H, Ar*H*), 6.73 (d, *J* = 8.4 Hz, 2 H, Ar*H*), 4.97 (q, *J* = 5.6 Hz, 2 H, C*H* ~2~), 4.81 (d, *J* = 11.2 Hz, 2 H, C*H* ~2~), 4.39 (d, *J* = 11.2 Hz, 2 H, C*H* ~2~), 4.32 (q, *J* = 7.0 Hz, 4 H, C*H* ~2~), 3.95 (t, *J* = 10.8 Hz, 2 H, C*H* ~2~), 1.32 (t, *J* = 4.6 Hz, 6 H, C*H* ~3~).^13^C NMR (100 MHz, DMSO*-d* ~6~): *δ* 174.7 (2-imi*C*), 152.0 (Ar*C*), 132.7 (Ar*C*), 129.9 (Ar*C*), 129.1 (Ar*C*), 127.9 (Ar*C*), 126.6 (Ar*C*), 124.1 (Ar*C*), 124.0 (Ar*C*), 122.9 (Ar*C*), 122.7 (Ar*C*), 119.6 (Ar*C*), 115.5 (Ar*C*), 67.4 (O*C*H~2~CH~2~), 49.4 (OCH~2~ *C*H~2~), 45.5 (*C*H~2~CH~3~), 16.7 (*C*H~3~). IR (KBr, cm^−1^): 3150 m, 1593w, 1218w, 1061 s, 950 m, 858 m, 531 m.

Preparation of \[(*S*)-L^2^Hg(HgI~4~)\] (3) {#Sec20}
-------------------------------------------

A suspension of K~2~CO~3~ (0.180 g, 1.3 mmol), \[(***S***)**-L** ^**2**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ (0.164 g, 0.2 mmol) and HgI~2~ (0.221 g, 0.5 mmol) in CH~3~CN/DMSO (30 mL, v-v = 2:1) was stirred for 24 h under 60 °C. The resulting solution was filtered and the filtrate was concentrated to 10 mL and then Et~2~O (5 mL) was added to precipitate **3** as a pale yellow powder. Yield: 0.109 g (38%). M.p.: 166--168 °C. Anal. Calcd for C~34~H~34~I~4~Hg~2~N~4~O~2~: C, 28.37; H, 2.38; N, 3.89%. Found: C, 28.54; H, 2.48; N, 3.62%.^1^H NMR (400 MHz, DMSO*-d* ~6~): *δ* 8.11 (d, *J* = 9.2 Hz, 2 H, Ar*H*), 7.94 (d, *J* = 8.4 Hz, 2 H, Ar*H*), 7.68 (d, *J* = 8.8 Hz, 2 H, Ar*H*), 7.41 (t, *J* = 7.4 Hz, 4 H, Ar*H*), 7.33 (t, *J* = 7.4 Hz, 2 H, Ar*H*), 7.17 (t, *J* = 7.6 Hz, 2 H, Ar*H*), 6.74 (d, *J* = 8.4 Hz, 2 H, Ar*H*), 4.95 (t, *J* = 12.6 Hz, 2 H, C*H* ~2~), 4.80 (d, *J* = 12.0 Hz, 2 H, C*H* ~2~), 4.38 (d, *J* = 10.8 Hz, 2 H, C*H* ~2~), 4.32 (q, *J* = 7.0 Hz, 4 H, C*H* ~2~), 3.95 (t, *J* = 10.8 Hz, 2 H, C*H* ~2~), 1.34 (t, *J* = 7.2 Hz, 6 H, C*H* ~3~).^13^C NMR (100 MHz, DMSO*-d* ~6~): *δ* 175.0 (2-imi*C*), 152.5 (Ar*C*), 133.2 (Ar*C*), 130.4 (Ar*C*), 129.6 (Ar*C*), 128.4 (Ar*C*), 127.1 (Ar*C*), 124.6 (Ar*C*), 124.5 (Ar*C*), 123.4 (Ar*C*), 123.3 (Ar*C*), 120.2 (Ar*C*), 116.1 (Ar*C*), 68.0 (O*C*H~2~CH~2~), 50.0 (OCH~2~ *C*H~2~), 46.1 (*C*H~2~CH~3~), 17.1 (*C*H~3~). IR (KBr, cm^−1^): 3097 m, 1592 m, 1421 m, 1218 s, 1054 s, 819 s, 746 m, 537 m.

Preparation of {\[(*S*)-L^2^Ag\](PF~6~)}~n~ (4) {#Sec21}
-----------------------------------------------

Silver(I) oxide (0.167 g, 0.7 mmol) was added to an acetonitrile solution (30 mL) of \[(***S***)**-L** ^**2**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ (0.164 g, 0.2 mmol), and the suspension was stirred for 24 h under 40 °C. The resulting solution was filtered and filtrate was concentrated to 10 mL and then Et~2~O (5 mL) was added to precipitate **4** as a white powder. Yield: 0.056 g (36%). M.p.: 160--162 °C. Anal. Calcd for C~34~H~34~AgF~6~N~4~O~2~P: C, 52.12; H, 4.37; N, 7.15%. Found: C, 52.30; H, 4.58; N, 7.34%.^1^H NMR (400 MHz, DMSO*-d* ~6~): *δ* 8.04 (d, *J* = 9.2 Hz, 2 H, Ph*H*), 7.92 (d, *J* = 8.4 Hz, 2 H, Ph*H*), 7.53 (d, *J* = 9.2 Hz, 2 H, Ph*H*), 7.31 (t, *J* = 7.0 Hz, 2 H, Ph*H*), 7.22 (s, 4 H, Ph*H*), 7.16 (m, 2 H, Ph*H*), 6.79 (d, *J* = 8.4 Hz, 2 H, Ph*H*), 4.59 (q, *J* = 3.7 Hz, 2 H, Ph*H*), 4.48 (m, 2 H, C*H* ~2~), 4.29 (m, 2 H, C*H* ~2~), 4.05 (m, 2 H, C*H* ~2~), 1.30 (t, *J* = 7.4 Hz, 6 H, C*H* ~3~).^13^C NMR (100 MHz, DMSO*-d* ~6~): *δ* 151.7 (Ph*C*), 131.8 (Ph*C*), 128.4 (Ph*C*), 127.9 (Ph*C*), 126.7 (Ph*C*), 125.2 (Ph*C*), 123.0 (Ph*C*), 122.7 (Ph*C*), 119.9 (O*C*H~2~), 118.5 (Ph*C*), 115.0 (Ph*C*), 66.9 (O*C*H~2~CH~2~), 49.0 (OCH~2~ *C*H~2~), 44.7 (*C*H~2~CH~3~), 15.7 (*C*H~3~). IR (KBr, cm^−1^): 3169w, 1591w, 1337w, 1231w, 1153 s, 1080 s, 950 m, 841 s, 549 m.

Preparation of \[(*S*)-L^3^Ag\](PF~6~) (5) {#Sec22}
------------------------------------------

A suspension of silver oxide (0.167 g, 0.7 mmol) and precursor \[(***S***)**-L** ^**3**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~ (0.189 g, 0.2 mmol) in ClCH~2~CH~2~Cl/DMSO (20 mL, v-v = 9:1) was stirred for 24 h under 40 °C. The resulting solution was filtered and filtrate was concentrated to 10 mL and then Et~2~O (5 mL) was added to precipitate **5** as a white powder. Yield: 0.058 g (32%). M.p.: 160--162 °C. Anal. Calcd for C~44~H~40~AgF~6~N~4~O~2~P: C, 58.09; H, 4.43; N, 6.15%. Found: C, 58.31; H, 4.52; N, 6.33%.^1^H NMR (400 MHz, DMSO*-d* ~6~): *δ* 8.05 (d, *J* = 9.2 Hz, 2 H, Ar*H*), 7.97 (d, *J* = 8.0 Hz, 2 H, Ar*H*), 7.46 (d, *J* = 9.2 Hz, 2 H, Ar*H*), 7.35 (t, *J* = 7.4 Hz, 4 H, Ar*H*), 7.29 (m, 8 H, Ar*H*), 7.18 (t, *J* = 7.4 Hz, 5 H, Ar*H*), 6.83 (d, *J* = 8.4 Hz, 2 H, Ar*H*), 5.18 (q, *J* = 18.8 Hz, 4 H, C*H* ~2~), 4.54 (m, 2 H, C*H* ~2~), 4.43 (m, 2 H, C*H* ~2~), 4.18 (m, 2 H, C*H* ~2~), 4.01 (m, 2 H, C*H* ~2~).^13^C NMR (100 MHz, DMSO*-d* ~6~): *δ* 153.0 (Ar*C*), 137.1 (Ar*C*), 132.9 (Ar*C*), 130.9 (Ar*C*), 129.5 (Ar*C*), 129.1 (Ar*C*), 128.6 (Ar*C*), 127.9 (Ar*C*), 127.8 (Ar*C*), 127.3 (Ar*C*), 126.4 (Ar*C*), 124.1 (Ar*C*), 123.8 (Ar*C*), 122.0 (Ar*C*), 121.6 (Ar*C*), 119.5 (Ar*C*), 116.2 (Ar*C*), 111.1 (Ar*C*), 68.1 (O*C*H~2~CH~2~), 54.0 (*C*H~2~), 50.3 (OCH~2~ *C*H~2~). IR (KBr, cm^−1^): 3156w, 1593w, 1342w, 1153 s, 1074 s, 840 m, 550 m, 458 m.

Fluorescence titrations {#Sec23}
-----------------------

A stock solution of the host was prepared in CH~3~CN as the concentration of 1.0 × 10^−4^ mol/L. The stock solutions of the guests were prepared in CH~3~CN as the concentrations of 1.0 × 10^−3^ mol/L and 1.0 × 10^−4^ mol/L, respectively. The host solution (1.0 mL) was placed into a 10 mL volumetric flask, and the different amounts of the guest solutions (1.0 × 10^−3^ mol/L or 1.0 × 10^−4^ mol/L) were added using a microsyringe, and then diluted to 10 mL to prepare sample solutions. In the sample solutions, the concentrations of the host and the guest were 1.0 × 10^−5^ mol/L and 0--40.0 × 10^−5^ mol/L, respectively. After each addition, an equilibration time of 8--10 min was allowed before the fluorescence spectra were recorded. The fluorescence titration experiment was performed at 25 °C on a Cary Eclipse fluorescence spectrophotometer using a 1 cm path-length quartz cuvette. The sample solutions were excited at 280 nm, and the excitation and emission slits are 3 nm and 1.5 nm. The fluorescence emission spectra were recorded in the range of 300--500 nm. Statistical analysis of the data was carried out using Origin 8.0. CH~3~CN used in the titrations was freshly distilled.

Method for Job's plot {#Sec24}
---------------------

A stock solution of the host was prepared in CH~3~CN in the concentration of 1.0 × 10^−4^ mol/L. The stock solutions of the guest were prepared in CH~3~CN in the concentrations of 1.0 × 10^−3^ mol/L and 1.0 × 10^−4^ mol/L, respectively. In the Job's plot experiment of **5** for H~2~PO~4~ ^−^, keeping the fixed overall concentration was 6.0 × 10^−5^ mol/L, and the molar fraction of H~2~PO~4~ ^−^ was changed from 0 to 1. In the course of preparation of sample solutions, the different amounts of host and guest solutions were placed into a 10 mL volumetric flask using a microsyringe, and then diluted to 10 mL. After each mixture, an equilibration time of 8--10 min was allowed before the absorption spectra were recorded. The absorption spectra were recorded in the range of 200--400 nm at 25 °C on a JASCO-V570 spectrometer using a 1 cm path-length quartz cuvette. Statistical analysis of the data was carried out using Origin 8.0. CH~3~CN used in the titrations was freshly distilled.

X-ray data collection and structure determinations {#Sec25}
--------------------------------------------------

X-ray single-crystal diffraction data for complexes were collected by using a Bruker Apex II CCD diffractometer at 296(2) K for \[(***S***)**-L** ^**2**^ **H** ~**2**~\]**·**(**PF** ~**6**~)~**2**~, **3** and **5**, and 173(2) K for **1**, **2** and **4** with Mo-Ka radiation (*λ* = 0.71073 Å) by *ω* scan mode. There was no evidence of crystal decay during data collection in all cases. Semiempirical absorption corrections were applied by using SADABS and the program SAINT was used for integration of the diffraction profiles^[@CR80]^. All structures were solved by direct methods by using the SHELXS program of the SHELXTL package and refined with SHELXL^[@CR81]^ by the full-matrix least-squares methods with anisotropic thermal parameters for all non-hydrogen atoms on *F* ^2^. Hydrogen atoms bonded to C atoms were placed geometrically and presumably solvent H atoms were first located in difference Fourier maps and then fixed in the calculated sites. Further details for crystallographic data and structural analysis are listed in Table [1](#Tab1){ref-type="table"} and Table [2](#Tab2){ref-type="table"}. Figures were generated by using Crystal-Maker^[@CR82]^.Table 1Summary of crystallographic data \[(***S***)**-L** ^2^ **H** ~2~\]**·**(**PF** ~6~)~2~, 1 and 2.\[(*S*)-L^2^H~2~\]·(PF~6~)~2~·4CH~2~Cl~2~1·0.5C~2~H~4~Cl~2~2·1.5DMSOChemical formulaC~136~H~144~F~48~N~16~O~8~P~8~ · 4CH~2~Cl~2~C~42~H~38~Br~4~Hg~2~N~4~O~2~ · 0.5C~2~H~4~Cl~2~C~34~H~34~Br~4~Hg~2~N~4~O~2~ · 1.5DMSOFormula weight3630.141401.061368.66Cryst systOrthorhombicMonoclinicMonoclinicSpace group*P*2~1~2~1~2~1~*P*2~1~/*cP*2~1~/*ca*, Å19.572(4)21.234(1)14.231(1)*b*, Å7.798(1)25.376(2)14.630(1)*c*, Å26.585(5)17.109(1)20.613(1)*α*, deg909090*β*, deg90111.9(1)96.6(1)*γ*, deg909090*V*, Å^3^4057.9(1)8548.3(1)4263.4(6)*Z*184*D* ~calcd~, Mg m^−3^1.4852.1772.132Abs coeff, mm^−1^0.33211.01911.056*F*(000)185652722580Cryst size, mm0.15 × 0.14 × 0.130.18 × 0.17 × 0.150.15 × 0.14 × 0.13*θ* ~min~, *θ* ~max~, deg1.29, 25.001.03, 25.011.71, 25.09*T*, K296(2)173(2)173(2)No. of data collected208704382121476No. of unique data7132150327479No. of refined params6261013493Goodness-of-fit on *F* ^2^  ^a^1.0151.0171.017Final *R* indices^b^ \[*I* \> 2*σ*(*I*)\]*R* ~1~0.05780.04840.0482*wR* ~2~0.16390.11470.1147*R* indices (all data)*R* ~1~0.08300.07900.0685*wR* ~2~0.18950.13070.1252^a^ *GOF* = \[Σ*w(F* ~o~ ^2^ − *F* ~c~ ^2^)^2^/(*n* − *p*)\]^1/2^, where *n* is the number of reflection and *p* is the number of parameters refined. ^b^ *R* ~1~ = Σ(*\|\|F* ~o~ *\|* − *\|F* ~c~ *\|\|*)/Σ*\|F* ~o~ *\|*; *wR* ~2~ = \[Σ\[*w*(*F* ~o~ ^2^ − *F* ~c~ ^2^)^2^\]/ Σ*w*(*F* ~o~ ^2^)^2^\]^1/2^. Table 2Summary of crystalographic data for **3**--**5**.3 · DMSO4 · CH~3~CN5 · 0.5DMSOChemical formulaC~34~H~34~I~4~Hg~2~N~4~O~2~ · DMSOC~34~H~34~AgF~6~N~4~O~2~P · CH~3~CNC~44~H~40~AgF~6~N~4~O~2~P · 0.5DMSOFormula weight1517.56824.54946.69Cryst systMonoclinicOrthorhombicMonoclinicSpace group*P*2~1~/*cP*2~1~2~1~2~1~*C*2*/ca*, Å14.689(1)11.451(7)29.192(3)*b*, Å15.044(1)14.521(9)11.684(1)*c*, Å21.269(2)21.042(1)24.881(2)*α*, deg909090*β*, deg97.7(2)9093.7 (2)*γ*, deg909090*V*, Å^3^4657.7(9)3499.3(4)8468.7(1)*Z*448*D* ~calcd~, Mg m^−3^2.1641.5651.485Abs coeff, mm^−1^9.3150.6950.609*F*(000)278416803864Cryst size, mm0.18 × 0.17 × 0.160.18 × 0.17 × 0.150.18 × 0.17 × 0.15*θ* ~min~, *θ* ~max~, deg1.66, 25.011.70, 25.011.64, 25.01*T*, K296(2)173(2)296(2)No. of data collected233421813324112No. of unique data820161687450No. of refined params470463570Goodness-of-fit on *F* ^2^  ^a^1.0691.0431.031Final *R* indices^b^ \[*I* \> 2*σ*(*I*)\]*R* ~1~0.04070.03840.0523*wR* ~2~0.10340.09660.1480*R* indices (all data)*R* ~1~0.05200.04270.0672*wR* ~2~0.10820.09990.1626^a^ *GOF* = \[Σ*w(F* ~o~ ^2^ − *F* ~c~ ^2^)^2^/(*n* − *p*)\]^1/2^, where *n* is the number of reflection and *p* is the number of parameters refined. ^b^ *R* ~1~ = Σ(*\|\|F* ~o~ *\|* − *\|F* ~c~ *\|\|*)/Σ*\|F* ~o~ *\|*; *wR* ~2~ = \[Σ\[*w*(*F* ~o~ ^2^ − *F* ~c~ ^2^)^2^\]/ Σ*w*(*F* ~o~ ^2^)^2^\]^1/2^.
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